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Abstract 

Oxidative stress is involved in the pathogenesis of airway obstruction in a q -antitrypsin deficient patients. This may result in a 
shortening of telomere length, resulting in cellular senescence. To test whether telomere length differs in a, -antitrypsin 
deficient patients compared with controls, we measured telomere length in DNA from peripheral blood cells of 217 a,- 
antitrypsin deficient patients and 217 control COPD patients. We also tested for differences in telomere length between 
DNA from blood and DNA from lung tissue in a subset of 51 controls. We found that telomere length in the blood was 
significantly longer in a r antitrypsin deficient COPD patients compared with control COPD patients (p= 1 x10~ 29 ). Telomere 
length was not related to lung function in (^-antitrypsin deficient patients (p = 0.3122) or in COPD controls (p = 0.1430). 
Although mean telomere length was significantly shorter in the blood when compared with the lungs (p = 0.0078), telomere 
length was correlated between the two tissue types (p = 0.01 22). Our results indicate that telomere length is better 
preserved in (^-antitrypsin deficient COPD patients than in non-deficient patients. In addition, measurement of telomere 
length in the blood may be a suitable surrogate for measurement in the lung. 
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Introduction 

Chronic obstructive pulmonary disease (COPD) is a complex 
trait with both genetic and environmental risks factors that is 
characterized by non-reversible airway obstruction and chronic 
inflammation. The morphologic manifestations of this disorder 
include small airway remodeling and emphysema. The predom- 
inant environmental risk factor for COPD is cigarette smoking, 
[1,2] although other factors such as air pollution [3,4] and 
respiratory infections [5] play a role. 

The genetic component of COPD has been demonstrated by 
twin studies of disease status [6] and lung function [7,8]. The 
search for the genes responsible for this disorder has involved the 
investigation of candidate genes [9] as well as genome-wide 
association studies of COPD [10,11] and lung function in the 
general population [12-15]. These studies have identified novel 
genes such as Hedgehog-interacting protein [11-13,15,16], ac- 
nicotinic acetylcholine receptor [11,17] and 5-hydroxytryptamine 
(serotonin) receptor 4 [12,13,15]. 

While several novel susceptibility genes for COPD have been 
identified in recent years, the underlying mechanisms are largely 
unknown. In contrast, the association between deficiency of oii- 
antitrypsin and emphysema has been known for several decades 
[18,19] and the pathophysiology is understood [20,21]. a r 
antitrypsin is a proteinase inhibitor and acute phase reactant, 
and its major role is the inhibition of neutrophil elastase. ctj- 
antitrypsin deficiency is caused by alleles of the SERP1NA1 gene. 
Severe deficiency of oti -antitrypsin is most often caused by 



homozygosity for the Z allele (Glu342Lys) of SERPLNA1 and is a 
risk factor for early-onset emphysema, although the clinical 
manifestations are highly variable [22,23]. 

A recent focus of COPD research has been the role of 
premature aging of the lung and other organs. Emphysema is 
characterized by reduced cell proliferation [24] and increased 
markers of cellular senescence [25], including shortened telomeres 
[26]. COPD patients are at increased risk for cardiovascular 
disease [27], osteoporosis [28], depression [29], and skin wrinkling 
[30], all of which have been associated with premature senescence 
[31-33]. 

Telomeres shorten with each round of cell division and this 
results in replicative cell senescence. Telomere length is reduced 
during DNA replication because of the "end replication problem", 
i.e., the 5' end of the lagging strand is unable to be replicated. This 
loss of telomeric DNA is predicted to be ~ 1 0 base pairs (bp) per 
cell cycle. However, the observed rate of loss can be higher and in 
humans has been estimated to be 50-200 bp per division [34,35]. 
Oxidative stress is one of the main factors in causing this higher 
rate of loss [36,37]. 

Several studies have examined telomere length in the context of 
COPD but there is little consistency in the results [26,38-45] and 
the relationship between telomere length and lung function in a r 
antitrypsin deficiency has not been previously studied. Oxidative 
stress plays an important role in the pathogenesis of airway 
obstruction in a ! -antitrypsin deficient patients [46]. Furthermore, 
arantitrypsin has anti-apoptotic effects [47,48] and anti-inflam- 
matory effects on cytokine production [49,50]. Therefore, cell 
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senescence due to reduction in telomere length may be particularly 
important in patients with <x j -antitrypsin deficiency. We investi- 
gated telomere length in a group of COPD patients with ot[- 
antitrypsin deficiency and a group of COPD controls. We also 
determined whether the length of telomeres in peripheral blood 
DNA is correlated with that in lung tissue samples in order to test 
the hypothesis that COPD is a "systemic" disease, and that 
telomeric shortening in this condition affects both lung and the 
hematopoietic systems. 

Methods 

Subjects 

We studied 2 1 7 (^-antitrypsin deficient patients and 2 1 7 COPD 
control patients (Table 1). Approval for the project was obtained 
from the University of British Columbia - Providence Health Care 
Research Ethics Board (REB H09-02042 and HI 1-02780). The 
a [-antitrypsin deficient patients were selected from the Alpha- 1 
Foundation (AATF) DNA and Tissue Bank located at the 
University of Florida (IRB 659-2002). The COPD controls were 
selected from the Lung Health Study (LHS), a clinical trial 
sponsored by the National Heart, Lung and Blood Institute [51]. 
Participants in the LHS were cigarette smokers between 35-60 
years of age with mild to moderate airflow obstruction, defined by 
a ratio of forced expiratory volume in one second (FEVi) to forced 
vital capacity SO. 70 and FEVi between 55-90% of predicted. 
Selected LHS samples were matched to the Otj -antitrypsin 
deficient samples for age, gender, ethnicity and pack years. An 
additional 51 patients were selected from the lung tissue biobank 
at the James Hogg Research Centre (JHRC). For the JHRC 
samples, both lung tissue and blood samples were obtained from 
patients admitted to St. Paul's Hospital who underwent lobar or 
lung resection surgery for localized lung cancer. The lung tissue 
samples were taken from a site distant from the tumor. All subjects 
provided written informed consent. 

DNA samples 

A sample of peripheral blood DNA was used to measure 
telomere length in the AATF DNA and Tissue Bank samples. 
Measurement of telomere length in the LHS samples was 
performed as previously reported [43] . For the JHRC samples, 
we measured telomere length in DNA samples from both blood 
and lung tissue in 51 subjects. DNA was extracted from these 
tissues using the QIAamp DNA Mini Kit (Qiagen, Mississauga, 
ON, Canada). 



Measurement of Telomere Length 

Telomere length was measured using a previously published 
qPCR based protocol [43,52]. Briefly, DNA samples were 
quantified using the Nanodrop 8000 spectrophotometer (Thermo 
Scientific, Wilmington, DE, USA). Telomere length measurement 
was performed in triplicate using 5 ng of DNA. Intra-plate 
coefficients of variance (CV) were calculated between the 
replicates, and samples with CV&5% were excluded from further 
analysis. Reference DNA samples obtained from the Coriell 
Institute (Camden, NJ) were assayed as calibrator samples in 
triplicate on each PCR plate to control for variation between 
plates. Inter-plate CV for the calibrator sample was calculated to 
be 16%. 36B4 was used as a reference gene. The primer sequences 
used were: tel 1: GGTTTTTGAGGGTGAGGGTGAGGGT- 
GAGGGTGAGGGT; tel 2: TCCCGACTATCCCTATCCC- 
TATCCCTATCCCTATCCCTA; 36B4u: CAGCAAGTGG- 
GAAGGTGTAATCC; and 36B4d: CCCATTCTATCATCA- 
ACGGGTACAA. Six qPCR reactions (i.e. triplicates of the 
telomere and reference gene assays) were performed for each 
individual in 20 (J.L reactions including 10 (J.L QuantiTect SYBR 
Green PCR Master Mix (QIAGEN), and final primer concentra- 
tions of tel 1: 270 nM, tel 2: 900 nM, 36B4u: 300 nM, and 36B4d, 
500 nM. Reactions were performed on the ViiA 7 Real-Time 
PCR Instrument (Life Technologies). Cycling conditions for the 
measurement of telomere length were as follows: 50°C for 2 min, 
95°C for 2 min, 40 cycles of 95°C for 15 sec and an annealing 
temperature of 54°C for 2 min. Cycling conditions for measure- 
ment of the 36B4 reference gene were the same except 35 cycles, 
with an annealing temperature of 58°C for 1 min were used. 
Telomere length was calculated as a ratio of telomere to 36B4, 
using Cawthon's formula [52]. 

Statistical Analysis 

Telomere length measurements were logio transformed to 
approximate a normal distribution. Student's t-test was used to 
compare mean telomere length between groups. Multiple linear 
regression was performed to test for the effect of a ! -antitrypsin 
deficiency on telomere length and lung function, with adjustments for 
significant confounders including age, gender and pack years. JMP 
software (SAS, Cary, NC, USA) was used for all statistical analyses. 

Results 

Effect of (^-antitrypsin deficiency on telomere length 

To test for association between ai -antitrypsin deficiency and 
telomere length in peripheral blood cells, telomere length was 



Table 1 . Demographic and genotypic characteristics of subjects from the Alpha-1 Foundation DNA and Tissue Bank and the Lung 
Health Study. 









Alpha-1 Foundation DNA and Tissue Bank 


Lung Health Study 


Age* 




53.7 ±0.45 


53.7±0.45 


% Male 




51.1 


51.1 


Pack Years* 




22.8±1.28 


23.2±0.92 


Average FEV1% predicted* 




40.0 ±1.68 


79.9±0.59 


Genotype 


MM 


0 


217 




MZ 


0 


0 




ZZ 


217 


0 



*Mean ± standard error of the mean. 
doi:1 0.1 371 /journal.pone.0095600.t001 
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measured in 217 a [-antitrypsin deficient patients and 217 control 
patients matched for ethnicity, gender, age and pack years. Mean 
telomere length was compared between the two groups using 
Student's t-test. Median telomere length (untransformed) was 2.45 
fold longer in peripheral blood DNA from COPD patients with 
ati-antitrypsin deficiency compared with COPD controls 
(p=lxl0~ 29 ) (Figure 1). The mean logio transformed telomere 
lengths in a [ -antitrypsin deficient patients and COPD controls 
were -0.1882 with a standard deviation of 0.2074 and -0.5639 
with a standard deviation of 0.2074, respectively. The difference in 
telomere length between a i -antitrypsin deficient patients and 
COPD controls remained statistically significant after adjustment 
for age, gender and pack years. As a replication cohort, a second 
set of 217 COPD controls were selected who were matched to the 
(^-antitrypsin deficient patients for ethnicity, gender, age and pack 
years. Mean telomere length was again significantly longer in the 
a [-antitrypsin deficient patients compared with COPD controls 
(p=lxl0~ 33 ). 
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Figure 2. Log 10 of telomere length in the lung vs. Iog 10 of 
telomere length in the blood. 



Relationship between tissue type and telomere length 

To test for a correlation between telomere length in the blood 
and in the lungs, telomere length was measured in lung and blood 
DNA from 51 patients from the JHRC. There was a significant 
correlation between telomere length in the blood and telomere 
length in the lungs (Pearson's r = 0.348, p = 0.012) (Figure 2). On 
average, however, median telomere length was 1.53 fold shorter in 
the blood when compared with the lungs (p = 0.008) (Figure 3). 

Relationship between telomere length and lung function 

Lung function data were available for 157/217 ot] -antitrypsin 
deficient patients and all COPD controls. The effect of telomere 
length in the blood on FEV] % predicted was tested. There was no 
significant association between telomere length in the blood and 
lung function in either the a [ -antitrypsin deficient patients 
(p = 0.3122), or in the controls with adjustment for age and pack 
years (p = 0.2503). In addition, lung function data were available 
for 49 patients from the JHRC with telomere length measure- 
ments in the lung. There was no association between telomere 
length in the lung and FEVi% predicted (p = 0.8057). 

Discussion 

The most important finding of this study was that COPD 
patients with ^-antitrypsin deficiency have longer telomere 
lengths in peripheral leukocytes compared with COPD patients 
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Figure 1. Log 10 of telomere length in (^-antitrypsin deficient 
COPD patients vs. Iog 10 of telomere length in COPD controls. 

doi:1 0.1 371 /journal.pone.0095600.g001 
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Figure 3. Mean log 10 of telomere length in the blood and lung 
tissue. 

doi:10.1371/journal.pone.0095600.g003 

who do not have o^-antitrypsin deficiency. However, there was no 
significant relationship between telomere length in blood and lung 
function as measured by FEVi% predicted in a! -antitrypsin 
deficient patients or in COPD controls. We also found that within 
subjects, there was a significant relationship of telomere length in 
peripheral leukocytes with that in lung tissue, although on average 
the telomere length of peripheral leukocytes was shorter than that 
in lung tissue. 

Telomere length has been positively correlated with lung 
function in some studies [26,40,44,45] but not others [41,43]. A 
recent study examined 46,396 individuals and the results suggested 
that the association of telomere length with lung function was, 
though significant, only modest after correction for confounding 
factors such as age [44]. Shorter telomere length has also been 
associated with COPD in some studies [39,41,42,44,45] but not in 
others [25,38]. This is the first study to examine the role of 
telomere length in a i -antitrypsin deficient patients, a group who 
we hypothesized may be particularly susceptible to accelerated 
reduction in telomeres and the subsequent cellular senescence. 

The role of premature aging in COPD has been shown by 
studies of explained lung fibroblasts from emphysema patients that 
showed reduced proliferation rate in vitro [24] and markers of 
cellular senescence [25]. Similarly, alveolar type II cells and 
endothelial cells from emphysema patients showed elevated levels 
of senescence markers including shortened telomeres [26]. 

In our study we found a relationship between a! -antitrypsin 
deficiency and telomere length. However, the direction of effect 
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was contrary to our hypothesis. Telomere length was longer in 
patients with a [-antitrypsin deficiency, despite the fact that they 
are likely exposed to higher levels of oxidative stress than usual 
COPD patients, as measured by oxidation of nucleic acids [46]. 
Oxidation of DNA is a general marker of oxidative stress and may 
directly promote telomere shortening [53] and therefore our 
results appear counterintuitive. On the other hand, patients with 
Oli-antitrypsin deficiency have lower levels of myeloperoxidase 
(MPO) and neutrophil counts in sputum than non-deficient 
COPD patients [54]. MPO is the most abundant protein in 
neutrophils and catalyzes the formation of hypochlorous acid, a 
potent oxidant. Therefore, MPO likely plays an important role in 
oxidative stress in the lung and the lower MPO levels in oti- 
antitrypsin deficient patients [54] may explain the longer telomere 
length we observed in these patients. 

We found that there was a significant correlation between 
telomere length in the blood and telomere length in lung tissue. 
Many studies of telomere length are performed using DNA from 
peripheral blood cells, and results are extrapolated to biological 
processes occurring in other tissues. For example, the majority of 
studies investigating telomere length in COPD patients have been 
performed in DNA from blood cells [24,38,45,47,48] . Our results 
indicate that telomere length in the blood is correlated with 
telomere length in the lungs, suggesting that telomere length in the 
blood may be an appropriate surrogate for telomere length in the 
lungs. The correlation between blood and lung telomere length 
may reflect the nature of COPD as a systemic disease [55]. Thus, 
exposure to cigarette smoke in the lungs may affect leukocyte 
telomere length due to translocation of proinflammatory media- 
tors [56] and reactive oxygen species from the lung into the 
circulation. 

We also demonstrated that the telomere length of peripheral 
leukocytes was shorter than that in lung tissue. Telomere length is 
known to vary between different human tissues [57] with leukocyte 
telomeres generally shorter than those in other tissues [58], 

References 

1. Anto JM, Vcrmeirc P, Vcstbo J, Sunyer J (2001) Epidemiology of chronic 
obstructive pulmonary disease. Eur Respir J 17: 982-994. 

2. Lokkc A, Lange P, Scharling H, Fabricius P, Vcstbo J (2006) Developing COPD: 
a 25 year follow up study of the general population. Thorax 61: 935-939. 

3. Andersen ZJ, Hvidberg M, Jensen SS, Ketzel M, Loft S, ct al. (2011) Chronic 
obstructive pulmonary disease and long-term exposure to traffic-related air 
pollution: a cohort study. Am J Respir Crit Care Med 183: 455-461. 

4. Hansel NN, McCormack MC, Belli AJ, Matsui EC, Peng RD, ct al. (2013) In- 
home air pollution is linked to respiratory morbidity in former smokers with 
chronic obstructive pulmonary disease. Am J Respir Crit Care Med 187: 1085- 
1090. 

5. Sethi S, Murphy TF (2008) Infection in the pathogenesis and course of chronic 
obstructive pulmonary disease. N EnglJ Med 359: 2355—2365. 

6. Ingebrigtsen T, Thomsen SF, Vestbo J, van der Sluis S, Kyvik KO, ct al. (2010) 
Genetic influences on chronic obstructive pulmonary disease - a twin study. 
Respir Med 104: 1890-1895. 

7. Redline S, Tishler PV, Lewitter FI, Tager IB, Munoz A, ct al. (1987) Assessment 
of genetic and nongenctic influences on pulmonary function: a twin study. Am 
Rev Respir Dis 135: 217-222. 

8. Ingebrigtsen TS, Thomsen SF, van der Sluis S, Miller M, Christcnscn K, et al. 
(2011) Genetic influences on pulmonary function: a large sample twin study. 
Lung 189: 323-330. 

9. Bossc Y (2012) Updates on the COPD gene list. IntJ Chron Obstruct Pulmon 
Dis 7: 607-631. 

10. Cho MH, Boutaoui N, Klanderman BJ, Sylvia JS, Ziniti JP, ct al. (2010) 
Variants in FAM13A arc associated with chronic obstructive pulmonary disease. 
Nat Genet 42: 200-202. 

11. Pillai SG, Gc D, Zhu G, Kong X, Shianna KV, ct al. (2009) A genome-wide 
association study in chronic obstructive pulmonary disease (COPD): identifica- 
tion of two major susceptibility loci. PLoS Genet 5: el 000421. 

12. Hancock DB, Eijgclsheim M, WilkJB, Gharib SA, Lochr LR, ct al. (2010) Meta- 
analyses of genome-wide association studies identify multiple loci associated with 
pulmonary function. Nat Genet 42: 45-52. 



presumably reflecting greater rates of proliferation in blood cells. 
Interestingly, Daniali et al. [58] studied adults (age >18 years) and 
the rate of telomere shortening was similar between the tissue 
types, suggesting that the length differences between tissues were 
established in childhood. This may explain why the telomeres in 
the lung samples in our patient samples were longer than those in 
blood cells, despite the presumably greater exposure of the lung 
tissue to oxidative stress via cigarette smoke. The telomere length 
differences established early in life may overwhelm any effect of 
exposure to smoke occurring mainly in adulthood. 

One limitation of our study is that lung function was only 
measured at one time point; therefore we could not test the effect 
of telomere length on rate of decline in a r antitrypsin deficient 
patients. Another limitation is that all of the a! -antitrypsin 
deficient patients included in this study were current or ex- 
smokers. Therefore, it was not possible to test for the effect of a r 
antitrypsin deficiency in non-smokers compared with smokers. 
Finally, our telomere length measurements in the lung were 
performed using only a small piece of lung tissue, therefore the 
telomere length measured may not reflect the whole lung. 

Our data indicate that in ^-antitrypsin deficient patients, 
replicative senescence does not appear to play a significant role in 
the pathogenesis of COPD. Importantly, for the respiratory 
community, we found that telomere length of peripheral 
leukocytes is a good biomarker of telomere length in lung tissue. 

Acknowledgments 

The authors gratefully acknowledge the technical assistance of Dr. Mark 
Elliott. 

Author Contributions 

Conceived and designed the experiments: DDS AJS. Performed the 
experiments: AS JL. Analyzed the data: AS. Contributed reagents/ 
materials/ analysis tools: FNR MLB. Wrote the paper: AS AJS. 



13. Repapi E, Saycrs I, Wain LV, Burton PR, Johnson T, et al. (2010) Genome-wide 
association study identities five loci associated with lung function. Nat Genet 42: 
36-44. 

14. Obeidat M, Wain LV, Shrine N, Kalshckcr N, Artigas MS, ct al. (2011) A 
comprehensive evaluation of potential lung function associated genes in the 
SpiroMeta general population sample. PLoS One 6: el9382. 

15. Soler Artigas M, Loth DW, Wain LV, Gharib SA, Obeidat M, ct al. (2011) 
Genome-wide association and large-scale follow up identifies 16 new loci 
inilucncing lung function. Nat Genet 43: 1082-1090. 

16. WilkJB, Chen TH, Gottlieb DJ, Walter RE, Nagle MW, et al. (2009) A genome- 
wide association study of pulmonary function measures in the Framingham 
Heart Study. PLoS Genet 5: el000429. 

1 7. WilkJB, Shrine NR, Loehr LR, Zhao JH, Manichaikul A, et al. (2012) Genome- 
wide association studies identify CHRNA5 / 3 and IITR4 in the development of 
airflow obstruction. Am J Respir Crit Care Med 186: 622—632. 

18. Laurcll CC, Eriksson S (1963) The elcctrophorcctic CXi-globulin pattern of serum 
in c^-antitrypsin deficiency. SeandJ Clin Lab Invest 15: 132—140. 

19. Eriksson S (1964) Pulmonary emphysema and ctj-antitrypsin deficiency. Acta 
Med Scand 175: 197-205. 

20. Lomas DA, Evans DL, Finch JT, Carrell RW (1992) The mechanism of Z a r 
antitrypsin accumulation in the liver. Nature 357: 605-607. 

21. Ekeowa UL Mareiniak SJ, Lomas DA (2011) a r antitrypsin deficiency and 
inflammation. Expert Rev Clin Immunol 7: 243—252. 

22. Silverman EK, Pierce JA, Province MA, Rao DC, Campbell EJ (1989) 
Variability of pulmonary function in alpha- 1 -antitrypsin deficiency: clinical 
correlates. Annals of Internal Medicine 111: 982-991. 

23. Dcmco DL, Sandhaus RA, Barker AF, Brantly ML, Eden E, ct al. (2007) 
Determinants of airflow obstruction in severe alpha- 1 -antitrypsin deficiency. 
Thorax 62: 806-813. 

24. Holz O, Ziihlkc I, Jaksztat E, Miiller KC, Wclkcr L, ct al. (2004) Lung 
fibroblasts from patients with emphysema show a reduced proliferation rate in 
culture. Eur Respir J 24: 575-579. 

25. Miiller KC, Wclker L, Paasch K, Feindt B, Erpenbeck VJ, et al. (2006) Lung 
fibroblasts from patients with emphysema show markers of senescence in vitro. 
Respir Res 7: 32. 



PLOS ONE | www.plosone.org 



4 



April 2014 | Volume 9 | Issue 4 | e95600 



Telomere Length in ^-Antitrypsin Deficiency 



26. Tsuji T, Aoshiba K, Nagai A (2006) Alveolar cell senescence in patients with 
pulmonary emphysema. AmJ Rcspir Crit Care Med 174: 886-893. 

27. Van Eeden S, LeipsicJ, Paul Man SF, Sin DD (2012) The relationship between 
lung inflammation and cardiovascular disease. AmJ Rcspir Crit Care Med 186: 
11-16. 

28. Miller J, Edwards LD, Agusti A, Bakke P, Calverley PM, et al. (2013) 
Comorbidity, systemic inflammation and outcomes in the ECLIPSE cohort. 
Respir Med: 1376-1384. 

29. Atlantis E, Fancy P, Cochrane B, Smith S (2013) Bidirectional associations 
between clinically relevant depression or anxiety and chronic obstructive 
pulmonary disease (COPD): a systematic review and meta-analysis. Chest: 766— 
777. 

30. Patcl BD, Loo WJ, Tasker AD, Screaton NJ, Burrows NP, et al. (2006) Smoking 
related COPD and facial wrinkling: is there a common susceptibility? Thorax 
61:568-571. 

31. Fyhrquist F, Saijonmaa O, Strandbcrg T (2013) The roles of senescence and 
telomere shortening in cardiovascular disease. Nat Rev Cardiol 10: 274—283. 

32. Valdes AM, Richards JB, Gardner JP, Swaminathan R, Kimura M, et al. (2007) 
Telomere length in leukocytes correlates with bone mineral density and is 
shorter in women with osteoporosis. Osteoporos Int 18: 1203-1210. 

33. Hoen PW, dejonge P, Na BY, Farzaneh-Far R, Epel E, et al. (201 1) Depression 
and leukocyte telomere length in patients with coronary heart disease: data from 
the Heart and Soul Study. Psychosom Med 73: 541-547. 

34. Harlcy CB, Futcher AB, Grcidcr CW (1990) Telomeres shorten during ageing of 
human fibroblasts. Nature 345: 458—460. 

35. Counter CM, Avilion AA, LeFeuvre CE, Stewart NG, Greider CW, et al. (1992) 
Telomere shortening associated with chromosome instability is arrested in 
immortal cells which express telomerase activity. EMBOJ 11: 1921-1929. 

36. Lansdorp PM (2005) Major cutbacks at chromosome ends. Trends Biochcm Sci 
30: 388-395. 

37. Houben JM, Moonen HJ, van Sehooten FJ, Hageman GJ (2008) Telomere 
length assessment: biomarkcr of chronic oxidative stress? Free Radic Biol Med 
44: 235-246. 

38. Morla M, Busqucts X, Pons J, Sauleda J, MacNcc W, et al. (2006) Telomere 
shortening in smokers with and without COPD. Eur Respir J 27: 525—528. 

39. Houben JM, Mercken EM, Ketelslegers HB, Bast A, Wouters EF, et al. (2009) 
Telomere shortening in chronic obstructive pulmonary disease. Respir Med 103: 
230-236. 

40. Mui TS, Man JM, McElhancy JE, Sandford AJ, Coxson HO, et al. (2009) 
Telomere length and chronic obstructive pulmonary disease: evidence of 
accelerated aging. J Am Geriatr Soc 57: 2372-2374. 

41. Savalc L, Chaouat A, Bastuji-Garin S, Marcos E, Boycr L, et al. (2009) 
Shortened telomeres in circulating leukocytes of patients with chronic 
obstructive pulmonary disease. AmJ Rcspir Crit Care Med 179: 566-571. 

42. Amsellcm V, Gary-Bobo G, Marcos E, Maitre B, Chaar V, et al. (2011) 
Telomere dysfunction causes sustained inflammation in chronic obstructive 
pulmonary disease. AmJ Respir Crit Care Med 184: 1358-1366. 



43. Lec J, Sandford AJ, Connett JE, YanJ, Mui T, et al. (2012) The relationship 
between telomere length and mortality in chronic obstructive pulmonary disease 
(COPD). PLoS ONE 7: c35567. 

44. Rode L, Bojesen SE, Weischcr M, Vcstbo J, Nordestgaard BG (2013) Short 
telomere length, lung function and chronic obstructive pulmonary disease in 
46,396 individuals. Thorax 68: 429-435. 

45. Albrecht E, Sillanpaa E, Karraseh S, Alves AC, Codd V, ct al. (2013) Telomere 
length in circulating leukocytes is associated with lung function and disease. Eur 
Rcspir J: Dec 5. [Epub ahead of print] 

46. Dcslcc G, Woods JC, Moore C, Conradi SH, Gierada DS, et al. (2009) 
Oxidative damage to nucleic acids in severe emphysema. Chest 135: 965—974. 

47. Ikari Y, Mulvihill E, Schwartz SM (2001) otl -Proteinase inhibitor, al- 
antichymotrypsin, and Cf2 -macro globulin are the antiapoptotic factors of 
vascular smooth muscle cells. J Biol Chcm 276: 11798—11803. 

48. Pctrache I, Fijalkowska I, Medler TR, Skirball J, Cruz P, ct al. (2006) Qt-1 
antitrypsin inhibits caspase-3 activity, preventing lung endothelial cell apoptosis. 
AmJ Pathol 169: 1155-1166. 

49. Churg A, Wang X, Wang RD, Meixncr SC, Pryzdial EL, ct al. (2007) ot r 
antitrypsin suppresses TNF-a and MMP-12 production by cigarette smoke- 
stimulated macrophages. AmJ Rcspir Cell Mol Biol 37: 144—151. 

50. Pott GB, Chan ED, Dinarello CA, Shapiro L (2009) a- 1 -antitrypsin is an 
endogenous inhibitor of proinflammatory cytokine production in whole blood. 
J Leukoc Biol 85: 886-895. 

51. Anthonisen NR, Connett JE, KJleyJP, Altose MD, Bailey WC, ct al. (1994) 
Effects of smoking intervention and the use of an inhaled anticholinergic 
bronehodilator on the rate of decline of FEV1. The Lung Health Study. JAMA 
272: 1497-1505. 

52. Cawthon RM (2002) Telomere measurement by quantitative PCR. Nucleic 
Acids Res 30: c47. 

53. Oikawa S, Kawanishi S (1999) Site-specific DNA damage at GGG sequence by 
oxidative stress may accelerate telomere shortening. FEBS Lett 453: 365-368. 

54. Stone H, McNab G, Wood AM, Stockley RA, Sapey E (2012) Variability of 
sputum inflammatory mediators in COPD and alpha 1 -antitrypsin deficiency. 
Eur Respir J 40: 561-569. 

55. van Eedcn SF, Sin DD (2008) Chronic obstructive pulmonary disease: a chronic 
systemic inflammatory disease. Respiration 75: 224—238. 

56. Kido T, Tamagawa E, Bai N, Suda K, Yang HH, ct al. (201 1) Particulate matter 
induces translocation of IL-6 from the lung to the systemic circulation. 
AmJ Rcspir Cell Mol Biol 44: 197-204. 

57. Gardner JP, Kimura M, Chai W, Durrani JF, Tchakmakjian L, ct al. (2007) 
Telomere dynamics in macaques and humans. J Gerontol A Biol Sci Med Sci 
62: 367-374. 

58. Daniali L, Bcnctos A, Susser E, Kark JD, Labat C, ct al. (2013) Telomeres 
shorten at equivalent rates in somatic tissues of adults. Nat Commun 4: 1597. 



PLOS ONE | www.plosone.org 



5 



April 2014 | Volume 9 | Issue 4 | e95600 



